The inflammatory response at infliximab (IFX) treatment failure due to tumor necrosis factor (TNF)-a-independent Crohn disease activity is unknown. This is an exploratory, hypothesis-generating study based on samples collected in a clinical trial among patients failing conventional IFX dosages and treated with an intensified IFX regimen for 12 weeks. Patients with clinical response at week 12, as defined by a reduction of Crohn disease activity index by !70, were considered to suffer from nonimmune pharmacokinetic (PK) treatment failure (n ¼ 18), and nonresponders had a presumed pharmacodynamic (PD) failure due to non-TNF-driven disease (n ¼ 8). Patients failing IFX due to functional anti-IFX antibodies (n ¼ 2) were excluded. The study population also comprised a group of 12 patients in long-term remission on IFX. A functional cell-based reporter gene assay was applied to measure IFX and anti-IFX antibodies. Circulating cytokines and cytokine receptors were assessed by enzyme-linked immunosorbent assay: granulocytemacrophage colony-stimulating factor, interferon-g, interleukin (IL)-1a, IL-1b, IL-1Ra, IL-6, IL-10, IL-12p70, soluble TNF receptor (sTNF-R) 1, sTNF-R2, IL-17A, and monocyte chemotactic protein 1.
INTRODUCTION
A ntitumor necrosis factor (TNF)-a therapy with infliximab (IFX) is effective for management of patients with Crohn disease refractory to conventional immunomodulating therapies. 1 Regrettably, approximately half of the patients lose effect of IFX therapy over time. 2 The underlying mechanisms for IFX treatment failure and their corresponding interventions can be identified by measurements of circulating levels of trough IFX and anti-IFX antibodies (Abs) according to the algorithm outlined in Figure 1 . 3 Treatment strategy according to this algorithm has become an integrated part of clinical practice because it results in comparable or superior clinical outcomes at reduced costs as compared with intensification of the IFX treatment regimen. [4] [5] [6] [7] [8] [9] [10] [11] Treatment failure caused by a pharmacokinetic (PK) problem is characterized by insufficient IFX bioavailability to adequately suppress TNF-a-mediated inflammatory disease activity. 3, 12 This can originate as a consequence of immunogenicity with formation of functional anti-IFX Abs that neutralize IFX and/or increase drug clearance ( Figure 1 : upper left row) 13 ; alternatively, because of nonimmune-mediated mechanisms caused for example by a heavy inflammatory load leading to high IFX turnover ( Figure 1 : upper right row). [14] [15] [16] Treatment failure caused by a PK problem should preferably restore sufficient inhibition of TNF-a. This is characteristically done by intensification of the IFX regimen if anti-IFX Abs are absent, or by switching to a different TNF-inhibitor if anti-IFX Abs are present. [3] [4] [5] [6] [7] [8] [9] [10] 12 During IFX therapy, a notable proportion of patients experiences relapse of their Crohn disease because of a pharmacodynamic (PD) problem ( Figure 1 : lower rows). 7, 10 This condition originates from predominantly or exclusively non-TNF-driven inflammatory disease pathways-either primarily or as a result of redundancy with a dynamic shift during ongoing IFX therapy. 3, 12, 17, 18 It is characterized by relatively high circulating levels of IFX at time of manifestation of failure, and lack of effect of IFX dose intensification. 4, 7, 9, 10, 19, 20 Continued anti-TNF therapy is inefficient in such cases. 3,4,7 -10,12,20 Identification of mediators maintaining active TNF-a-independent disease may uncover rational treatment targets for future biologic agents, but the inflammatory response in these patients is yet unaccounted for. 14, [21] [22] [23] [24] [25] [26] [27] 
METHODS

Objectives
The aim of this study was to explore selected characteristics of the systemic inflammatory response in patients with Crohn disease failing IFX due to a PD or a nonimmune PK problem as compared with patients in remission on IFX. Furthermore, to compare characteristics in patients' refractory to intensified IFX due to PD treatment failure with those of patients failing IFX due to nonimmune PK.
Study Design and Patients
This was a hypothesis-generating and explorative study which was based on data and samples obtained as part of a randomized controlled trial in which Crohn's disease patients with loss of response of IFX maintenance therapy (Crohn Disease Activity Index [CDAI] !220 or minimum one draining perianal fistula) had been randomized to an intensified IFX regimen or to personalized therapy based on IFX and anti-IFX Abs levels at time of treatment failure as outlined in Figure 1 and detailed in references. 7, 8 The current study population comprised patients who had received an intensified IFX regimen throughout the entire 12-week study period (5 mg/kg every [q] 4 weeks, n ¼ 22; q >4, n ¼ 4), and with blood samples available both at baseline corresponding time of treatment failure (week 0) and also at end of trial (week 12) ( Personalized treatment strategy at anti-TNF treatment failure. Algorithm based on measurements of anti-TNF drug levels and antidrug antibodies (Abs) for identification of underlying mechanisms for anti-TNF treatment failure with, for example, infliximab (IFX) and corresponding interventions. Initially devised by our group, 3 and later tested in clinical trials and observational studies. 4, 5, [7] [8] [9] [10] Adapted from the studies by Bendtzen et al 3 and Steenholdt et al. 7 Reproduced and modified with permission from BMJ Publishing Group Ltd from the study by Steenholdt et al. TNF ¼ tumor necrosis factor. 
Blood Samples
Blood samples were collected as trough levels. Serum and plasma were collected after centrifugation of 10 mL venous blood (5 minutes at 3500 rpm), and stored at À808C. All analyses were performed under blinded conditions.
Analyses of IFX and Anti-IFX Abs Concentrations
Serum samples were analyzed for concentrations of IFX and anti-IFX Abs by a functional cell-based reporter gene assay (RGA) (Eurodiagnostica, Malmö, Sweden).
Cytokine Assessments
Plasma levels of interleukin (IL)-6 were measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (R&D Systems, Minneapolis, MN) (lower limit of quantification [LLOQ] 3.1 pg/mL). Plasma levels of the following cytokines were examined by Bio-Plex Pro Human Inflammation multiplex ELISA: IFN (interferon)-g (LLOQ 6.3 pg/mL), IL-10 (1.7 pg/mL), IL-12 p70 (1.3 pg/mL), soluble TNF receptor 1 (sTNF-R1) (26.8 pg/mL), and sTNF-R2 (30.3 pg/mL), and by Bio-Pex Pro Human group I multiplex ELISA: granulocyte-macrophage colony-stimulating factor (GM-CSF) (63.3 pg/mL), IL-1a (1.4 pg/mL), IL-1b (3.2 pg/ mL), IL-1 receptor antagonist (Ra) (81.1 pg/mL), IL-17A (4.9 pg/mL), and monocyte chemotactic protein 1 (MCP-1) (2.1 pg/mL). Cytokines assessed in the study were selected based on of their putative involvement in the processes underlying inflammatory bowel disease (IBD). 14, [21] [22] [23] [24] [25] [26] [27] [28] All measurements were performed in duplicate and with coefficient of variations <20%. Concentrations were given in pg/mL and with 1 decimal in case of a very high sensitivity (LLOQ <10 pg/mL).
Statistics
Descriptive statistics were given as percentages for discrete variables, and as median with interquartile range (IQR) for continuous variables. Comparisons of patient characteristics were done by Fisher exact test or chi-square test (discrete variables), or by Mann-Whitney U test (continuous variables).
Comparisons of systemic cytokine expression in patients with IFX treatment failure and in remission on IFX were done by Mann-Whitney U test. Comparisons of cytokine levels, and IFX levels, in patients with PD or nonimmune PK failure at baseline and week 12 were done by Mann-Whitney U test, and changes across time in each subgroup were evaluated by Wilcoxon signed-rank test. Values below LLOQ were considered to be null. Statistical analyses were done in SPSS version 22 (IBM, Somer, NY). Two-sided P values <0.05 were considered statistically significant.
RESULTS
Study Population
The study population comprised patients in remission on IFX, and also patients with IFX treatment failure due to presumed PD or nonimmune PK issues ( Figure 2 ). As shown in Table 1 , characteristics of included patients reflected the different clinical response types to IFX therapy. Cytokine and Cytokine Receptor Levels at IFX Treatment Failure
As detailed in Table 2 , circulating levels of IL-6 and sTNF-R2 were significantly higher at the time of IFX treatment failure as compared with levels in patients on IFX with quiescent disease. Levels of sTNF-R1 and MCP-1 were not significantly different between patients with IFX failure and those with an IFX-induced remission. The remaining cytokines and cytokine receptors assessed were generally below LLOQ (not shown).
Inflammatory Characteristics at PD and Nonimmune PK IFX Treatment Failure
Characteristics of patients with IFX treatment failure due to PD or nonimmune PK are shown in Table 3 . Circulating anti-TNF activities in these subgroups at treatment failure were median 1.4 versus 2.4 mg/mL (P ¼ 0.52); after 12 weeks of intensified IFX regimen 8.8 versus 7.7 (P ¼ 0.93); and the increase in anti-TNF activity during the 12-week period of treatment intensification was 8.1 versus 5.6 (P ¼ 0.85) ( Figure 3 ).
As shown in Table 4 , cytokine levels did not differ significantly between patients with IFX treatment failure due to PD or nonimmune PK at time of manifestation of IFX treatment failure. However, IL-6 levels decreased significantly during intensification of IFX treatment in individual patients with nonimmune PK failure, but not in those with PD failure (Table 4 and Figure 4) . Furthermore, IL-6 and sTNF-R2 levels were significantly lower after 12 weeks of treatment in patients with nonimmune PK failure (Table 4) , and at levels comparable with those in patients in remission on IFX (IL-6: <3.1 vs <3.1 pg/mL; P ¼ 0.85; sTNF-R2: 3209 vs 2547 pg/mL; P ¼ 0.19) ( Table 2) .
Assessment of conditions for IL-6 in patients with detectable IL-6 at baseline only revealed comparable findings to the above: baseline IL-6 levels were not significantly different between nonimmune PK or PD IFX failures (median 6.2 vs 4.8 pg/mL; P ¼ 0.72), IL-6 decreased significantly solely in individual patients with nonimmune PK failure (P < 0.01 and P ¼ 0.69, respectively), and IL-6 levels were significantly lower after 12 weeks in patients with nonimmune PK failure (<3.1 vs 4.5 pg/mL; P < 0.05).
DISCUSSION
It is known that PK or PD mechanisms are involved in loss of response to anti-TNF therapy as outlined in Figure 1 . 3, 7, 8, 12, 20 Although previous studies have focused mainly on PK reasons for anti-TNF treatment failure due to immunogenicity or nonimmune-mediated reasons for insufficient drug bioavailability, this study, however, explored characteristics of the systemic inflammatory response in patients with IFX treatment failure presumably originating from an underlying PD problem in which inhibition of TNF-a per se is ineffective. 13, 14 The main findings of the present investigation are that a subgroup of Crohn disease patients refractory to an intensified IFX regimen-presumably due to PD-related treatment failure-exhibited a maintained detectable systemic expression of IL-6 during the course of IFX intensification as opposed to patients with nonimmune PK-related treatment failure, or patients in remission on IFX. Furthermore, sTNF-R2 levels were found to be higher among patients with IFX failure as compared with those with clinically quiescent disease, and generally higher at PDrelated treatment failure than at nonimmune PK failure. Taken together, these observations indicate that patients with PDrelated IFX treatment failure exhibit a predominantly non-TNF-a-mediated inflammatory disease phenotype that may involve IL-6 and/or sTNF-R2.
Transcriptional data have suggested that anti-TNF therapy associates with a diminished mucosal IL-6 expression among primary anti-TNF nonresponsive Crohn disease patients. 26 On the contrary, as IL-6 was elevated before IFX intensification, IL-6 may simply be a confounder due to unspecific inflammatory activity. 29 However, maintained expression of increased circulating IL-6 in patients with ulcerative colitis and primary IFX treatment failure supports involvement of IL-6 in TNF-aindependent inflammation. 27 Several studies have earlier proposed IL-17A to be a central mediator of anti-TNF-a-independent inflammation. [24] [25] [26] 28, 30, 31 Although IL-17A was below LLOQ in the current study, involvement of IL-6, amongst other cytokines, in the induction of a Th17 inflammatory response might indicate that IL-6 plays a role in predominantly TNF-aindependent inflammation among patients with a presumed PDrelated treatment failure. Hence, even though our data do not provide direct evidence, they do, however, support the concept that IL-6, the IL-6 receptor, or IL-6 intracellular signaling might prove useful as therapeutic targets in the subgroup of patients with IFX treatment failure characterized by an underlying PD mechanism. Thus, clinical trials are obviously needed to assess this hypothesis. Interestingly, a monoclonal Ab targeting the IL-6 receptor was found effective for treatment of Crohn disease in a pilot study. [32] [33] [34] Furthermore, a recently published phase II trial only available in abstract form reported significantly higher clinical response rates among Crohn disease patients with previous anti-TNF treatment failure and treated with anti-IL-6 monoclonal Ab (PF-0423921) than with placebo. Our findings concur with observations that outcome of IFX therapy is associated with variations in the gene encoding TNF-R2, and with reported characteristics of the mucosal gene expression profile of TNF-R2 during ongoing IFX therapy. 23, [36] [37] [38] Although it cannot be ruled out that maintained elevated sTNF-R2 level observed in patients with PD-related IFX treatment failure was a result of diminished TNF-a expression imposed by IFX intensification followed by a relative increase in non-TNF-bound sTNF-R2, the corresponding constant level of sTNF-R1 in both nonimmune PK and PD treatment failures renders this unlikely. In contrast to the conditions in Crohn disease, systemic sTNF-R2 levels are lower in patients with active than inactive rheumatoid arthritis. 39 Thus, it is possible that the opposing trends in sTNF-R2 levels in active versus quiescent Crohn disease and rheumatoid arthritis, respectively, may contribute to observed differences in efficacy of the sTNF-R2/human IgG construct, etanercept, in these diseases. 40, 41 Several notable limitations of this study, however, need to be attended. The sample size was restricted as relevant samples were available only in some patients enrolled in an earlier clinical trial. 7, 8 Further, the assessed cytokines and cytokine receptors were selected based on their putative involvement in IBD and did not cover all potentially involved inflammatory mediators. Circulating IL-6 levels were only marginally higher than LLOQ, and the inflammatory response was assessed in the circulation where conditions may diverge from those of the inflamed gut. As this was an exploratory study, correction for multiple comparisons was not performed. Taken together, our new observations described based on available knowledge of IFX response in IBD are hypothesis-generating and need to be validated in independent and larger cohorts. It is currently impossible to discriminate between TNF-a and non-TNF-a-driven pathways. It has been assumed that patients refractory to IFX intensification, and without functional anti-IFX Abs, had an underlying PD-related problem caused by a non-TNF-a-driven disease, whereas responders had treatment failure due to nonimmune PK problems because of TNF-amediated disease activity. 3, 12, 19 Although this was supported by a similar anti-TNF activity in responders and nonresponders, and a trend of more pronounced CRP decrease among responders than nonresponders, these patients with IBD might have experienced treatment failure due to other reasons as well. 20 This is rather crucial because lack of routine endoscopy to verify inflammatory active disease at treatment failure introduces a potential bias, that some patients may have entered the trial without having genuine inflammatory loss of response, but rather symptoms mimicking IFX treatment failure. 42 Nevertheless, another research group has used a similar approach. 26 Furthermore, exploratory analyses with exclusion of the minority with undetectable IL-6 at time of manifestation of treatment failure did not change our findings, but they actually revealed more significant results. Assessment of IFX and anti-IFX Abs by a high-sensitivity homogeneous mobility shift binding assay revealed results coherent to those obtained by the functional RGA primarily used here adding further support to our findings. 43 Finally, patients with functional anti-IFX Abs present in the circulation at treatment failure were excluded because the contribution of TNF-a in the inflammatory response could not be defined based on the outcome of intensified IFX treatments. Thus, anti-IFX Abs might a priory bias this outcome. Although this is also a potential bias, only 2 patients had anti-IFX Abs, and an explorative inclusion of these patients did not impose changes to our findings.
In conclusion, the present study indicates systemic alterations of IL-6 and sTNF-R2 in Crohn disease refractory to IFX caused by a TNF-a-independent disease pathway. If reproduced and validated, these findings may lead to potential targets of importance for the subgroup of patients with a PD IFX treatment failure.
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